Abstract The gap junction protein connexin43 (Cx43) is widely expressed in all vertebrate species; however, in ventricular myocardium, Cx43 expression is restricted to mammalian species only, where it provides the molecular correlate for both electrical conduction and synchronization of the repolarization process. The evolutionarily "late" appearance of Cx43 in the heart suggests physiological adaptation to euthermia with its concomitant demands related to increased cardiovascular output. We tested to what extent mammalian Cx43 differs from that of non-mammalian vertebrates and whether Cx43 from hibernating species contains specific sequence characteristics which could be attributed to their non-isothermal life cycle. We cloned the complete coding region of Cx43 from the African green monkey, European hedgehog (hibernator), Russian dwarf hamster, rabbit, European ground squirrel (hibernator) and pig. After sequencing, these were compared to 12 full-length Cx43 sequences present in GenBank (3 fish, 2 frogs, chicken and 6 mammals amongst which there was one other hibernator). Overall identity ranged from 68.7% to 97.7% at the nucleotide level and from 71.6% to 99.7% at the amino acid level. The phylogeny of Cx43 mirrors the general phylogenetic histories of the investigated species to a large extent. From 382 amino acids there were only 6 specific for mammals. There were no substitutions specific for hibernators. In conclusion, mammalian Cx43 is characterized by 6 specific amino acids, and no obvious differences between non-hibernating and hibernating mammals were observed.
Introduction
Gap junctions provide the path for direct exchange of small molecules and ions (and current) between adjacent cells. They are built of innexins as pore-forming units in invertebrates (Phelan and Starich 2001) and of connexins in vertebrates (Goodenough and Paul 2003) and whereas their topology is similar, they present no sequence homology. In vertebrates, six connexins associate to form one hemichannel (connexon), and subsequent docking of two connexons in adjacent cell membranes results in the formation of a gap junction. To date, 21 different connexin isoforms have been described in the human genome (Willecke et al. 2002; Söhl and Willecke 2003) . Of these, connexin43 (Cx43) displays a very broad and mainly conserved expression pattern in vertebrate species, i.e. in the lens epithelium of frogs (van der Heyden et al. 2001) , chicken (Musil et al. 1990 ) and rat (Beyer et al. 1989 ). In the working myocardium, however, Cx43 expression is restricted to mammalian species (Becker et al. 1998 ). In the mammalian heart, Cx43 is vital for both conduction of the ventricular action potential and synchronization of the ventricular repolarization process.
The hibernator's heart carries several intriguing enigmas with potential relevance to future understanding of arrhythmogenesis. The heart of a hibernating animal remains electrically and mechanically active at temperatures which are incompatible with life in other mammals either due to asystole or to induction of ventricular fibrillation (Johanssen 1967) . This suggests specialization during evolution with respect to membrane currents relevant for ventricular repolarization including the synchronization of this process mediated by gap junctions.
The evolutionarily "late" appearance of Cx43 in the myocardium may point to physiological adaptation to euthermia with its concomitant demands related to a more intense energy metabolism and increased cardiovascular output. Thus, we questioned (1) which amino acids distinguish mammalian Cx43 from other vertebrate Cx43 proteins and whether (2) hibernating species display specific sequence characteristics within the Cx43 protein as a possible evolutionary adaptation to their non-isothermal life cycle. To this end we cloned the full-length coding region of Cx43 from 6 mammalian species. These were compared to 12 full-length Cx43 sequences from GenBank, including fish, amphibians, bird and other mammals. Our analysis included three hibernating species (European hedgehog, European ground squirrel and Syrian hamster).
Materials and methods
Genomic DNA was isolated by incubating tissue samples (Ee, Oc, Ps, Sc, Ss, all muscle; Ca, cultured cells) in lysis buffer [100 mM Tris/HCl (pH 8.0), 5 mM EDTA, 0.2% SDS, 200 mM NaCl, 500 mg/ml proteinase K] for 16 h at 56C. The supernatant was phenol/chloroform extracted twice and genomic DNA was precipitated using ethanol. Subsequently, Cx43 was amplified using a mix of two sense and three antisense primers (sense ATGGGT-GACTGGAGCGCCTT and ATGGGTGACTGGAGTGCCTT, antisense ATCTCCAGGTCATCAGGCCG, ATCTCTAGGTCATC-AGGCCG and ATCTCCAAATCATCAGGTCG) using an annealing temperature of 56C and 30-35 amplification cycles. The PCR products were analyzed and isolated from 1% agarose/TAE ethidium bromide stained gels using JetSorb (Genomed) and ligated into pGEM-T-easy (Promega). Cx43 was subsequently sequenced using universal Sp6 and T7 primers and Cx43-specific internal primers. Cloning of Cx43 from each species was performed twice, independently. Sequencing of both clones raised identical results.
Alignment and phylogenetic tree construction of new and full-length Cx43 sequences from GenBank was performed with Lasergene software (DNASTAR, Madison, Wis.), operating with ClustalW and Joint Neighbour algorithms (Saitou and Nei 1987; Higgins and Sharp 1990) .
Results and discussion
To isolate Cx43 sequences from various species, we aligned nucleotide sequences of mouse, rat and human Cx43 and subsequently designed a primer set consisting of two sense and three antisense oligonucleotides encompassing the entire protein coding region. To test the ability to amplify novel Cx43 sequences, PCR was performed on genomic DNA from human (Hs), mouse (Mm), Russian dwarf hamster (Ps) and pig (Ss; see also Table 1 ). Figure 1a shows amplification of a PCR product of 1,150 bp from all templates. Digestion with EcoRI (Fig. 1b) and SacI (Fig. 1c) gave the predicted results for human and mouse PCR products and identical-sized fragments for Russian dwarf hamster and pig. These results demonstrate the ability of this primer set to amplify Cx43 from several different mammalian species.
Subsequently, Cx43 was amplified and cloned from African green monkey (Ca), European hedgehog (Ee), European ground squirrel (Sc), pig, Russian dwarf hamster and rabbit (Oc; see Table 1 for GenBank accession numbers). Following sequencing, alignments were performed including 12 previously described Cx43 sequences. Percentages of identity at the nucleotide level are between 68.7% (giant danio vs West African clawed frog: Da vs Xt) and 97.7% (Hs vs Ca). Identity percentages are higher at amino acid level and are between 71.6% (Da vs Xl/Xt) and 99.7% (Syrian hamster vs Russian dwarf hamster: Ma vs Ps). Figure 2 shows the result of nucleotide phylogenetic analysis. This analysis yields a clear distinction between the classes of mammals, fish, amphibia and birds and also clearly defined relationships within the classes (i.e. order of primates or suborder of hamsters).
Figure 3 reveals two main regions of dissimilarity in amino acid alignment between the Cx43 from various species. The first region is located in the intracellular loop, which is located between transmembrane domains 2 and 3; the second one follows the fourth transmembrane region and is thus located in the intracellular C-terminus. Currently, many residues within Cx43 have been linked to a certain function. The six cysteine residues within the two extracellular loops, which are found in all connexin protein family members, have been implicated in intercellular docking of connexons (Dahl et al. 1992) . These residues are conserved between all species. Tyrosine 265 has been mapped as a Src phosphorylation site (Swenson et al. 1990) and is conserved between all species. Of the three potential PKC phosphorylation sites in the C-terminus (Kanemitsu and Lau 1993; Sµez et al. 1997; Lampe et al. 2000) , S365 and S369 are conserved between all species, and hence are probably the most important. In rat, the charged amino acids R243 and D245 are implicated in membrane potential dependency of the gap junction channel (Revilla et al. 2000) . Of these sites, R243 is changed into the positively charged amino acid K in many other species, indicating the importance of a positive charge at this position. The negatively charged D at 245 is changed to N in fishes only, and is conserved in all other species. Upon intracellular acidification, Cx43-based gap junctions will close (Morley et al. 1997) . It is proposed that this so-called pH dependent gating results from intramolecular interactions of the C-terminus with other parts of the protein.
The conserved H95 appears to play a role (Ek et al. 1994) , and more recently other regions have been mapped. In the intracellular loop, two short domains are involved (rCx43 N122-L127 and I139-G143) of which the second one is well conserved (Duffy et al. 2002) . Many mutations in connexins have been linked to specific diseases (Söhl and Willecke 2003) . Most of the 24 Cx43 mutations found thus far in humans, which very often result in a pleiotropic phenotype (Paznekas et al. 2002) , are located at very conserved sites suggesting a general role in gap junction function, rather than a tissuespecific function. Of the four single nucleotide polymorphisms presented in the NCBI database which result in amino acid substitutions (R148Q, A168T, R202C, T204 M) the last two are conserved between all species. A168 is conserved in mammals and chicken. Interestingly, R148 is a conserved charge at this position, being K in fish and R in all other species, and thus could have a physiological role. Mutational analysis of these sites and/ Table 1 . Lane Rn* Positive control using rat Cx43 cDNA in pBluescript vector, H 2 O negative control; FL full length product, E EcoRI digestion product, S SacI digestion product Fig. 2 Cladogram of Cx43 sequences. The nucleotide sequences of the protein coding region of 18 Cx43s from fish, birds, amphibians and mammals were analyzed using the Clustal method of the Megalign program of the Lasergene software package DNASTAR. The scale beneath the tree measures the evolutionary distance between the sequences, and units indicate the number of substitution events. Hibernating species are boxed or genetic screening on diverse patient groups may result in identifying a role for these amino acids. Many amino acid changes demarcate the border between fish and other classes of the vertebrates (i.e. V36 vs L36), or between fish/amphibians and the other classes (i.e. R9 vs K9). Only six mammalian specific amino acid substitutions were observed. These substitutions demarcate the evolutionary border between the mammals and fish/ amphibians/birds (with and without connexin43 in the ventricular working myocardium). These sites are shaded red (Fig. 3 Hs: A116, T118, S244, H248, L254, A349); three of these (T118, S244 and H248) are of particular interest because they may be phosphorylated (T/S) or charged (H). Interestingly, S244 is positioned within the region of the proposed membrane potential voltage sensor (Revilla et al. 2000) . No relationship was found between hibernation and Cx43 coding sequences. With such a limited amount of mammalian-specific amino acids, it is not a surprise that there are no hibernatorspecific amino acids (European hedgehog, European ground squirrel, Syrian hamster). On the other hand, pleiotropy might have a role as well (Griswold and Whitlock 2003) . Since Cx43 is broadly expressed in many different tissues and organs, Cx43 amino acid substitutions that are beneficial for cardiac performance during hibernation might be deleterious in other organs, and therefore selected against. We suggest that in the working myocardium Cx43 serves as a gross channel of which the intrinsic properties do not allow the required fine-tuning of conduction velocity and repolarization in specific species such as hibernators. We suggest that other forms of regulation, i.e. transcriptional and posttranslational regulation of Cx43 expression, or direct interactions with other proteins (reviewed in Giepmans 2004) are more important in encountering the physiological needs of a given species under specific conditions. Table 1 . TM Transmembrane domain (there are four domains separated by two extracellular loops and one intracellular loop), Proline proline repeat, * experimentally confirmed phosphorylation site, + and charged residues experimentally confirmed to be involved in gating, € conserved charge, yellow shaded conserved between all species, red shaded conserved between mammals, grey shaded conserved between fish, blue shaded conserved between fish and frogs
